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Using ESR spectroscopy, we show that benzoquinone, 1,Cnaphthoquinone and 5-hydroxy-1,4-naphtho- 
quinone react readily with thiol containing compounds, such as glutathione, to form their respective semi- 
quinone anion radicals. These quinones react similarly, but less readily, with the amino group of amino 
acids. The therapeutic or toxicological significance of the formation of semiquinone anion radicals from 
the reaction of quinones with nucleophiles, such as thiols and amines, remains to be assessed. 
Quinone Thiol Amino acid ESR Semiquinone anion radical 
1. INTRODUCTION 
Quinones are found widely distributed in nature 
[l] and play a vital role in certain cellular func- 
tions. Some quinones, for example adriamycin [2], 
possess antitumour activity and are important 
therapeutically. 
The addition and substitution reactions of 
quinones with nucleophiles, particularly thiol and 
amino groups, have been extensively documented 
[3-lo] and comprehensively reviewed by Finley 
[ 111. The majority of the reactions of quinones in- 
volve nucleophilic Michael addition [ 111 resulting 
in the formation of the hydroquinone conjugate 
(eqn 1). 
0 OH 
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+ To whom correspondence should be addressed 
The conjugate may then, depending on its struc- 
ture, be oxidised either by unreacted parent 
quinone (eqn 2), oxygen, or chemical oxidising 
agents to the substituted quinone [ 111. If the oxida- 
tion is performed by the parent quinone then the 
corresponding hydroquinone is formed. 
OH 0 
OH 0 
(2) 
Glutathione (GSH) is the major non-protein 
sulphydryl found in the cell, and plays a key role 
in cellular defence against chemical and radiation 
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induced damage [12]. Thus, much attention has 
focussed on the reaction of quinones with GSH. 
During the reaction of menadione (Zmethyl-1,4- 
naphthoquinone) with GSH, Nickerson et al. [3] 
have shown the formation of both the hydro- 
quinone (menadiol) and the oxidised conjugate. 
Ross et al. [ 131 have extended this work and shown 
the formation of oxidised glutathione (GSSG) and 
the superoxide anion radical (02) during the 
reaction. 
In this study we demonstrate, using the tech- 
nique of ESR, that a number of structurally simple 
quinones react with thiols and amines to yield their 
corresponding semiquinone anion radicals. 
2. MATERIALS AND METHODS 
p-Benzoquinone (BQ) and dimethyl sulphoxide 
(DMSO) were obtained from British Drug House, 
Poole, Dorset; 1 ,Cnaphthoquinone (1,4-NQ) from 
Fluka, Switzerland and 5-hydroxy-1,6naphtho- 
quinone (5-OH-1,4-NQ) from Aldrich, Gillingham, 
Dorset. GSSG was obtained from Sigma, Poole 
and GSH from Boehringer, Mannheim. 
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Fig. 1. 1,4_Naphthosemiquinone anion radical spectrum 
generated uring the reaction of 1,4_naphthoquinone 
with GSH. Reactions contained: A, 1,4-NQ (1 mM) and 
GSH (250 pM); B, 1,4-NQ (1 mM); C, 1,4-NQ (1 mM) 
and GSSG (125 PM). The results shown are from one 
experiment ypical of three. 
All ESR spectra were recorded on a Bruker 200D 
X-band spectrometer operating at a nominal fre- 
quency of 9.76 GHz. The magnetic field was 
measured accurately with a nuclear magnetic 
resonance probe and the frequency with an exter- 
nal counter. The sample tube was of 1 mm internal 
diameter spectrosil. 
The quinones, prepared as fresh solutions in 
DMSO, were mixed with the other reactants in 
10 mM Hepes, containing 140 mM KC1 and 1 mM 
DETAPAC, pH 7.5. In initial studies, we observed 
that BQ (1 mM) and 1,4-NQ (1 mM) reacted with 
Tris, but not with Hepes buffer, pH 7.5, to 
generate their respective semiquinone radical 
anions. Therefore in all subsequent experiments 
Hepes buffer was used. The final concentration of 
DMSO was 25% (v/v). The buffer was bubbled 
with nitrogen before addition of the quinone. The 
reaction was initiated by addition of the quinone in 
DMSO. All ESR scans were started 5 min after 
mixing. 
3. RESULTS 
3.1. Reaction of quinones with GSH and GSSG 
The spectrum of the 1,4-naphthosemiquinone 
anion radical generated from the reaction between 
1,4-NQ (1 mM) and GSH (250 PM) is shown in 
fig.lA, and may be analysed as a triplet (3.19 G) 
of quintets (0.62 G). These results are similar to 
those given by Stone and Maki [14] for 
1,4-naphthosemiquinone anion radical in aqueous 
solution, generated by electrochemical reduction. 
The g value of 2.0044 is the same as that reported 
by Adams et al. [15] for this radical anion. The 
formation of the radical was dependent on GSH 
(fig. 1B). Under identical conditions, no signal was 
detected with a similar concentration of GSSG 
(250 PM GSH equiv.) and 1,4-naphthoquinone 
(fig. 1C). 
To determine whether a similar reaction oc- 
curred with other quinones, we studied the interac- 
tion of GSH with BQ and 5-OH-1,4-NQ. Both 
these quinones showed formation of their respec- 
tive semiquinones when reacted with GSH 
(250rM) (fig.ZC and A). 5-OH-1,4-NQ (1 mM) 
and 1,4-NQ (1 mM) showed no detectable radical 
generation with GSSG (125 pM) (fig.2B) whereas 
BQ (1 mM) reacted with GSSG to form a ben- 
zosemiquinone radical (fig.%D) although much 
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Fig.2. ESR spectra of the semiquinone anion radicals 
generated by reaction of benzoquinone or 
S-OH-1,4_naphthoquinone with GSH or GSSG. 
Reactions contained: A, 5-OH-1,4-NQ (1 mM) and 
GSH (250pM); B, 5-OH-1,4-NQ (1 mM) and GSSG 
(125pM); C, BQ (1 mM) and GSH (250aM); D, BQ 
(1 mM) + GSSG (125 PM). The results shown are from 
s 
one experiment ypical of three. C 
reduced compared to the reaction with GSH 
(fig.2C). The splitting constant for the benzosemi- 
quinone anion radical was calculated to be 2.36 G 
(4H), similar to that derived by Stone and Maki 
[14]. The g value of 2.0047 is close to that 
calculated for the radical anion in a different sol- 
vent [15]. The radical anion of 5-OH-1,4-NQ 
displayed splitting constants of two doublets 
(0.319 and 0.699 G), one triplet (1.319 G) and two 
doublets whose splitting constants when summed 
were 6.30 G. Our spectrum appeared similar to 
that obtained by Dodd and Mukherjee [16] for this 
radical in aqueous media. 
3.2. Reactions of quinones with amino acids 
In addition to the reaction of the quinones with 
thiol groups, we extended our studies to determine 
whether they would also interact with amino acids 
to generate semiquinone radicals. BQ (fig.3A and 
B), 1,4-NQ (fig.3C and D) and 5-OH-1,4-NQ (not 
shown) reacted with glycine to produce their 
respective semiquinone radicals, but the signals 
resulting from these reactions were much smaller 
than those obtained with GSH under identical con- 
ditions (cf. figs 1A and 2C). With a higher concen- 
tration of glycine (20 mM), the intensity of the 
signal was increased (figs 3B and D) indicating a 
greater radical concentration. BQ (1 mM) also 
reacted with other amino acids, including alanine 
(20 mM), arginine (20 mM) and cysteine (250 pM), 
to form the benzosemiquinone radical (not 
shown). 
To determine whether it was the thiol or the 
amino group on GSH which was primarily respon- 
sible for the reaction with the quinones, the reac- 
tion of 1,4-NQ (1 mM) with N-acetylcysteine 
(250 PM) was studied. The 1 ,Cnaphthosemiqui- 
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Fig.3. ESR spectra of the semiquinone anion radicals 
generated by reaction of quinones with glycine or N- 
acetylcysteine. Reactions contained: A, BQ (1 mM) and 
glycine (250aM); B, BQ (1 mM) and glycine (20 mM); 
C, 1,4-NQ (1 mM) and glycine (250pM); D, 1,4-NQ 
(1 mM) and glycine (20 mM); E, 1,4-NQ (1 mM) and N- 
acetylcysteine (250 ,uM). The results shown are from one 
experiment ypical of three. 
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none, anion radical spectrum obtained (fig.3E) 
suggested that it was the thiol group of GSH that 
was mainly undergoing the reaction with the qui- 
none to generate the corresponding semiquinone 
radical. 
4. DISCUSSION 
These results indicate that a number of struc- 
turally simple quinones, i.e. BQ, 1,4-NQ and 
5-OH-1,4-NQ, react with thiol nucleophiles to 
generate their respective semiquinone radicals (figs 
1 and 2). In addition, similar free radicals were 
observed following the reaction of BQ and 1,4-NQ 
with the amino group of glycine (fig.3) and other 
amino acids. This latter reaction occurred much 
less readily and a greater concentration of glycine 
(20 mM) compared with GSH (250 ,uM) was re- 
quired to detect he radical with 1,4-NQ (cf. fig. 1A 
with fig.SC and D). Although the mechanism of 
the semiquinone radical production is unclear, and 
is currently under investigation, one possibility is 
that the radicals arise following disproportionation 
of the parent quinone and hydroquinone [17] (eqn 
3), the latter having arisen from reactions (1) and 
(2). 
Q+HQ = 2SQ’ (3) 
Thus the greater production of radicals following 
reaction of 1,4-NQ with GSH (fig.lA) or N- 
acetylcysteine (fig.3E), compared to glycine 
(fig.3C and D) can be explained in terms of the 
chemical hardness and softness of these 
nucleophiles [18]. The addition reaction (eqn 1) 
takes place across the double bond between car- 
bons 2 and 3, which can be regarded as a very soft 
electrophilic site. As soft electrophiles react more 
readily with soft nucleophiles [18] and the thiol 
group is much softer than the amino group [19], 
then it would be expected that quinones would 
react more readily with the thiol than the amino 
group. 
To determine whether it was the thiol or amino 
group on the GSH that was primarily responsible 
for the radical generation with the quinones, 
1,4-NQ was reacted with N-acetylcysteine 
(250pM) (fig.3E). The intensity of the signal ob- 
tained was much greater than that achieved with 
glycine (250 PM) (fig.3C) but the same as that ob- 
tained with GSH (250 PM) (fig. 1A). This indicates 
that it is the thiol group in GSH which is primarily 
responsible for the reaction with the quinones. 
This is supported by the data obtained with GSSG 
where no radical generation was seen with 1,4-NQ 
(fig.lC) and 5-OH-1,4-NQ (fig.ZB) whereas with 
BQ only a small signal was observed (fig.ZD) of in- 
tensity similar to that obtained with glycine 
(250 PM) (fig.3A). Glycine (250 FM) has the same 
concentration of amino groups as GSSG (125 PM). 
Semiquinone free radicals have generally been 
proposed to arise in biological systems by one elec- 
tron reduction of quinones by cellular reductases 
such as NADPH-cytochrome P-450 reductase, 
NADH-cytochrome bs reductase or NADH- 
ubiquinone oxidoreductase [20,21]. The semi- 
quinone radicals are then thought to exert their 
toxicity either directly or by the generation of ac- 
tive oxygen species and redox cycling [22-251. In 
this study, we have shown that following interac- 
tion with cellular thiols or amino groups, several 
simple quinones may give rise to their semiquinone 
radicals. The biological importance of such reac- 
tions remains to be assessed and will depend on 
several factors including the intracellular concen- 
trations of quinone, availability of thiol and other 
nucleophilic groups, and the one and two electron 
reductive metabolism of the quinone. Thus the 
bone marrow toxicity of benzene and phenol, 
which is believed to be mediated by a metabolite of 
phenol such as BQ [26], may in part be due to reac- 
tions similar to those described in the current 
study. 
In summary, we have shown that a number of 
quinones may react with cellular nucleophiles, 
such as GSH or amino acids, to generate reactive 
semiquinone radicals. The biological significance 
of these reactions remains to be assessed. 
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